ABSTRACT
Many eukaryotic and prokaryotic cells bind plasminogen in a specific and saturable manner. When plasminogen is bound to cell-surface proteins with Cterminal lysines via its lysine binding sites, its activation to plasmin is accelerated, and cell-bound plasmin is protected from inactivation by natural inhibitors. Plasmin mediates direct or indirect degradation of the extracellular matrix, and bound plasmin is used by cells to facilitate migration through extracellular matrices. Since cell migration and tissue remodelling are the underpinnings of many physiological and pathological responses, the modulation of plasminogen receptors may serve as a primary regulatory mechanism for control of many cellular responses. Specific examples of cell types on which plasminogen receptors undergo modulation include: fibroblasts, where modulation may contribute to cartilage and bone destruction in rheumatoid arthritis; leukemic cells, where enhanced plasminogen binding may contribute to the heightened fibrinolytic state in the patients; other tumor cells, where up-regulation may support invasion and metastasis; bacteria, where enhanced plasminogen binding may facilitate tissue destruction and invasion; platelets, where up-regulation of plasminogen binding may play a role in regulating clot lysis; and adipocytes, where the modulation of plasminogen receptor expression may regulate cell differentiation and fat accumulation. Two pathways for modulation of plasminogen receptors have been characterized: A protease-dependent pathway can either upregulate or down-regulate plasminogen binding to cells by changing the availability of plasminogen-binding proteins with C-terminal lysines. New receptors may be generated by trypsin-like proteases, including plasmin, which create new C-terminal lysines; other enzymes may expose existing membrane proteins by altering the cell surface; or receptor function may be lost by removal of C-terminal lysines. The basic carboxypeptidases of blood carboxypeptidase N and plasma carboxypeptidase B (TAFI) mediate such down-regulation. A non-protease dependent pathway for modulation of plasminogen receptors may be initiated by growth factors, chemokines or cytokines that alter the cell membrane and/or cytoskeleton architectures to expose plasminogen binding sites. Many examples of the modulation of plasminogen receptors have been demonstrated in vitro, and the development of knock-out mice may soon lead to incisive evaluations of the significance of the regulation of plasminogen receptors in vivo. extracellular matrix proteins, including fibronectin (1), von Willebrand factor (2), laminin (3)and thrombospondin (4) and can activate many of the matrix metalloproteinases (MMP) (5, 6) , which degrade still other matrix constituents. Plasmin also can affect the activity of cytokines and growth factors, notably TGF-beta (7, 8) , which influences the composition of the extracellular matrix. Therefore, to maintain tissue homeostasis and avoid frank tissue damage, plasmin activity must be tightly controlled. Such regulation is achieved at multiple checkpoints within the plasminogen system. The availability of the plasminogen activators and the inhibitors of these activators plays a primary role in regulating plasmin formation. Direct suppression of plasmin activity is determined primarily by alpha 2 -antiplasmin (9,10); and additional protease inhibitors (11) provide an emergency backup network.
Plasminogen and plasmin bind to receptors on a variety of cells, including leukocytes, endothelial cells, platelets, fibroblasts, epidermal cells, neuronal cells and hepatocytes (reviewed in (12) (13) (14) ). Binding of plasminogen to its cellular receptors is mediated by its lysine-binding sites in its heavy chain region, specifically those associated with the kringle 1 and 5 domains of plasminogen (15) . These structures recognize cell surface constituents with cterminal lysines or mimics of this motif (16, 17) . The binding of plasminogen to cell surfaces controls the rate of plasminogen activation and susceptibility of plasmin to inactivation by inhibitors (18) (19) (20) . Hence, by interacting with cells, plasminogen activation and plasmin activity can be spatially and temporally directed according to cellular needs. Consequently, the plasminogen system has been implicated in mediating cell migration in processes, such as atherosclerosis, restenosis and inflammation (reviewed in (21, 22) ). With the broad biological significance of the interaction of plasminogen and plasmin with cellular receptors, the regulation of these receptors may be of paramount importance in controlling the function of the plasminogen system. Changes in receptor number or affinity could exert profound effects on controlling cellular responses influenced by plasmin(ogen). The regulation of plasminogen receptors is the focus of this review.
EXAMPLES OF REGULATION OF PLASMINOGEN RECEPTORS

Rheumatoid arthritis
The plasminogen system has been shown to be of major importance in inflammatory joint diseases, including rheumatoid arthritis (23) . The pannus, which is pathognomonic for this disease, consists of proliferating fibroblasts and inflammatory cells and invades cartilage and bone. Cartilage damage is primarily mediated by fibroblasts and macrophages that harness MMP and other proteases, including plasmin. Plasmin may directly degrade cartilage proteoglycans and can activate MMPs with collagenase activities and neutral proteoglycanases (24) . Interestingly, synovial fibroblasts from patients with rheumatoid arthritis have substantially higher binding capacities for plasminogen compared to normal synovial fibroblasts (59x10 6 vs. 29x10 6 plasminogen molecules bound/cell). It has been postulated that this up-regulation of the plasminogen binding capacity of fibroblasts, which in turn leads to greater plasmin formation, may be key to the destruction of joint cartilage and bone observed in patients with rheumatoid arthritis. Gonzalez-Gronow et al. (25) reported that enhanced plasminogen binding to rheumatoid arthritis fibroblasts is mediated by a glycoprotein related to a platelet membrane protein, integrin alpha IIb beta III (GPIIb-IIIa), in association with a 130-kDa protein, which is antigenetically related to the alpha2-macroglobulin receptor-associated protein, and dipeptidyl peptidase IV.
Leukemia
An important feature of acute promyelocytic leukemia (APL) is a hemorrhagic diathesis, which may be due to increased activity of the plasminogen system. Low plasma concentrations of plasminogen and alpha 2 -antiplasmin have been reported in APL patients, which may reflect consumption of these components. The hemorrhagic diathesis is clinically relevant, especially in patients having the chromosomal translocation t(15;17). Interestingly, plasminogen activation was significantly enhanced on APL cells with this translocation (NB4 cells) compared to APL cells without the translocation or other forms of leukemic cells (AML-M1). The increase in plasminogen activation could be blunted by addition of the carboxy-terminal lysine analogue, epsilon-aminocaproic acid (EACA), suggesting that binding of plasminogen to the cell surface is involved in its activation. In addition, an antibody to annexin II, a known plasminogen receptor (26) , also diminished plasminogen activation, which is consistent with a role of this receptor in plasminogen binding to leukemic cells. The presence of annexin II on the surface of APL cells was confirmed by immunofluorescence studies. Taken together, these results suggest that increased expression of plasminogen receptors may lead to increased plasmin production, which may even become systemically active and contribute to the increased risk of bleeding in leukemic patients (27) . In general, if one compares the binding capacity of normal white cell populations, neutrophils, monocytes and lymphocytes, to transformed cells lines corresponding to these cell types, the plasminogen binding capacity of the transformed cells is 2-3 orders of magnitude greater (12, 18) .
Tumor Invasion and Metastasis
Burtin and colleagues (28, 29) emphasized that tumor cells originating from a human colonic carcinoma have high plasmin binding capacities and that plasmin could enhance its own binding to tumor cells. Cancer cells may use plasmin bound to their surface to degrade extracellular matrices, thereby facilitating their invasion of tissue and metastasis to distant sites. Ranson et al. (30) have shown that a metastatic breast cancer cell line (MDA-MB-231) has a higher plasminogen binding capacity compared to non-metastatic cancer cells (MCF-7 and T-47D) and that the metastatic cells converted plasminogen much more efficiently to plasmin. Therefore, increased expression of plasminogen receptors on breast cancer cells may foster their potential to metastasize. One important plasminogen receptor on breast cancer cells was shown to be cytokeratin 8 (31) . This receptor is also expressed on other malignant cells of both epithelial (squamous cell carcinoma) and non-epithelial (melanoma, lymphoma, glioma, sarcoma) origin. It is not known whether blockade of this receptor, e.g. by antibodies, will reduce metastatic potential. However, human urinary trypsin inhibitor was shown to inactivate receptor-bound plasmin in ovarian cancer cells, choriocarcinoma cells and a lung cancer cell line; and this inactivation of bound plasmin inhibited cell invasion in an in vitro assay and reduced the number of lung metastases in vivo (32) . Also, EACA has been shown to reduce invasion of colon cancer cells, a result indicative of the importance of plasminogen binding in mediating cellular infiltration (33) . These results suggest that modulation of the expression of plasminogen receptors has distinct clinical effects.
Many chemotherapeutic regimens include glucocorticoids. Pöllänen (34) showed that fibrosarcoma cells significantly decreased plasminogen binding after glucocorticoid treatment. The decrease was apparently due to a decrease in affinity for plasminogen (5nM dexamethasone; K d decreased from 5.4x10 -9 M to 1.2x10 -7 M). By this mechanism, cells are disarmed of a major constituent of their proteolytic activity, and thereby invade tissue barriers less effectively. This alteration may slow tumor growth and/or metastasis. This latter example provides one of the rare instances in which modulation of plasminogen binding arises as a consequence of a change in receptor affinity. In most examples, including those cited above, it is the number of plasminogen receptors that undergoes modulation.
Bacterial Disease
Many bacteria express plasminogen receptors (reviewed in (35,36) ). For example, Salmonella or Borrelia bind plasminogen to their surface, where it is activated to plasmin and potentiates bacterial penetration through basement membranes or endothelial monolayers. Addition of aprotinin significantly impairs bacterial penetration, indicating that the microorganisms may use plasmin to invade tissue barriers (37, 38) . This concept has been recently corroborated in a mouse skin infection model using group A streptococci: acquisition of plasmin activity is associated with increased virulence of the bacteria (39) .
In an animal peritonitis model, intraperitoneal administration of aprotinin improves survival and reduces the number of abscesses formed (40) . Several bacterial plasminogen receptors have been identified (35, 36, 41) . One of these is lactic acid dehydrogenase (42), suggesting a novel regulatory mechanism for this glycolytic enzyme with a c-terminal lysine to attain surface expression.
Thrombolysis
The two major constituents of a thrombus are fibrin and platelets. Plasminogen is capable of binding to both of these components. Resting platelets are capable of binding approximately 40,000 plasminogen molecules per cell with the integrin alpha IIb beta III (GPIIb-IIIa) serving as the receptor. When platelets are stimulated with thrombin, a major platelet agonist, they increase their plasminogen binding capacity by approximately 5-fold (43, 44) . Using platelets from patients with congenital deficiencies, it was shown that fibrinogen released from within platelets and expressed on the platelet surface as fibrin accounts for the increase in plasminogen binding sites (44) . Other constituents of platelet alpha-granules, including thrombospondin-1 (45) and fibronectin (1), have the capability of binding to plasminogen and to the platelet surface but do not appear to substantially enhance surface expression of plasminogen on stimulated platelets.
Adipose Tissue Development
Plasminogen deficient mice have reduced body weight compared to age and sex-matched wild-type animals (46, 47) . This difference is not only observed at later stages of life when the plasminogen-deficient mice develop a wasting syndrome (47) but is observed during the growth phase in the animals and is due to a reduced rate of adipose tissue and whole body fat accumulation (46) . These differences can be traced to differences in the stromal cell populations in plasminogen-deficient and wild-type animals and their capacity to differentiate. In examining the plasminogen binding capacity of a model of differentiated and undifferentiated adipocytes, dexamethasone and insulin stimulated and nonstimulated 3T3 cells, the number of plasminogen binding sites increased 10-fold on the differentiated cells. Consistent with this finding, plasminogen binding was higher to mature fat cells and differentiated stromal cells than to undifferentiated stromal cells isolated from adipose tissues in mice (48) . Thus, plasminogen receptor expression appears to increase with adipocyte differentiation. A concept emerging from studies of mice deficient in various components of the plasminogen system is that this pathway plays a major regulatory role in adipose tissue development (49).
PATHWAYS OF PLASMINOGEN RECEPTOR MODULATION
Protease-dependent Pathways
Enzymatic remodeling provides a rapid mechanism for cells to alter their surface properties. By this mechanism, new receptors may become activated or accessible while others are inactivated by membrane-bound enzymes. When neutrophils or monocytes are isolated and cultured overnight, they up-regulate dramatically (~30-fold) their expression of plasminogen receptors (50, 51) . The culturing may be a model for migration of these phagocytic cells from the blood to extravascular sites of inflammation. In exploring this phenomenon with neutrophils, the upregulation was prevented by addition of protease inhibitors. Using inhibitors of different specificity, elastase and/or the closely related enzyme, proteinase 3, and cathepsin G were implicated in the up-regulation of plasminogen binding of the cultured neutrophils. The increase in plasminogen binding to the cultured neutrophils is due to an increase in the number of receptors, and the newly exposed receptors bind to the lysine binding sites of plasminogen. Nevertheless, all three of the implicated enzymes do not cleave substrates to create new c-terminal lysines. Therefore, these proteases appear to enhance plasminogen binding by remodeling the cell surface to enhance the accessibility to plasminogen binding sites. This proposition is modeled in Figure 1A . In support of this interpretation, protease treatment of neutrophils with elastase or cathepsin G significantly increased their plasminogen binding capacity (52) . It is well-established that neutrophils express both elastase and cathepsin G on their surface and that exposure of the cells to chemoattractants, such as fMLP or C5a, or to TNF-alpha or platelet-activating factor, increases this expression (53, 54) . The source of this increased expression is the release of the enzymes from their stores within the azurophilic granules of the cells (55) . Thus, there is a ready reservoir of enzymatic activity available to remodel the membrane surface and enhance plasminogen binding to these cells.
Trypsin-like enzymes cleave protein substrates on cell surfaces to generate new carboxy-terminal lysines, which can serve directly as new plasminogen binding sites ( Figure 1A) . Plasmin itself falls into this category, creating a positive feedback loop for regulating its own binding to cells. Gonzalez-Gronow et al. (56) reported that plasmin induced a 3-fold increase in plasminogen binding to U937 cells (1.1x10 9 sites/cell vs. 4.3x10 8 ) (56). Camacho et al., (29) showed that plasmin or trypsin treatment of colonic carcinoma cells increased their plasmin binding by 2-5 fold. It is becoming increasingly evident that tumors produce a variety of proteases. One of the possible functions of these proteases is to remodel the tumor cell surface to enhance plasminogen binding and activation, which would facilitate tissue invasion, metastasis and angiogenesis.
While each of the enzymatic processes described above results in an up-regulation of plasminogen binding to cells, enzymatic regulation can also dampen plasminogen receptor expression. The basic carboxypeptidases, which remove carboxy-terminal lysines from substrates, function in such a suppressive role. The two major basic carboxypeptidases of blood are CpN and CpB (also identified as CpU, CpR and TAFI). CpN is constitutively active (57), whereas CpB circulates as a proenzyme that must be enzymatically activated to acquire carboxypeptidase activity (58, 59) . Plasmin and thrombin can activate the zymogen form of CpB but the physiological activator is likely to be the thrombinthrombomodulin complex (60) . Both CpN and CpB remove carboxy-terminal lysines from cell surfaces and, thereby, decrease the plasminogen binding capacity of cells ( Figure  1A) . Treatment of cells with either carboxypeptidase decreases the plasminogen binding capacity of cells (61) . A suppressive effect has been observed with monocytoid, lymphoblastoid cells and neutrophils. Although thrombin enhances plasminogen binding to platelets (43) , it reduces the plasminogen binding capacity of endothelial cells (62).
Protease-independent Pathways
Stimulation of neutrophils with PMA leads to a concentration-dependent, rapid increase in their plasminogen binding capacity.
Although PMA upregulates elastase and cathepsin G on the surface of neutrophils (54) , this increase in plasminogen binding was insensitive to the protease inhibitors, which block the culture-induced up-regulation in plasminogen binding capacity described above. Therefore, either PMA induces other proteases, or a distinct mechanism is operative. The rapidity of the up-regulation favors a non-enzymatic mechanism, such as a change in the architecture of the plasma membrane and/or cytoskeleton to create new and/or more plasminogen binding sites on the cell surface ( Figure  1B ).
PMA treatment of U937 and THP-1 monocytoid cells also alters their plasminogen binding capacities. When these cells are stimulated with PMA and are provided with a limited surface, an adherent and non-adherent subpopulation can be separated (63) . Plasminogen receptors are up-regulated in the non-adherent cells by up to 17-fold compared to non-stimulated control cells. The presence of an adherent cell population is required for the up-regulation to occur in the nonadherent cells. In normal peripheral human monocytes, however, PMA stimulation results in an up-regulation of plasminogen receptors without requirement for an adherent population. When monocytoid cells are exposed to extracellular matrix proteins, such as fibronectin, vitronectin, or laminin, an upregulation in plasminogen binding capacity can again be measured in the non-adherent cell population. Compared to control cells, the binding capacity is decreased in the adherent cells (64) . Functionally, the increased plasminogen binding capacity enables the non-adherent cells to promote plasminogen activation at an enhanced rate. The up-regulation of plasminogen receptors was susceptible to carboxypeptidase treatment, indicating that the newly exposed carboxy-terminal lysines mediate the binding of plasminogen. Still other agonists have been shown to enhance plasminogen binding to monocytoid cells (65) . Among these are 1,25-dihydroxyvitamin D and interferon-gamma, which induce differentiation of these cells.
The membrane-type MMP1, another enzyme capable of digesting extracellular matrix proteins, was reported to be modulated by clathrin-mediated endocytosis (66, 67) . Modulation of the cell membrane, therefore, is a versatile and well-established mechanism to regulate enzymatic activity. Alcohol modulates the lipid bilayer of the cell membrane, and moderate alcohol consumption is statistically associated with a lower cardiovascular morbidity and mortality. Treatment of human umbilical vein endothelial cells with ethanol, 0.1% (v/v), increased their plasminogen binding capacity by 3-fold and their ability to generate plasmin. The increase was associated with increased expression of annexin II on the surface of the endothelial cells (68) . Therefore, the increased fibrinolytic potential on endothelial cells may translate into a clinically beneficial effect.
PERSPECTIVE: MODULATION OF PLASMINOGEN RECEPTORS IN VIVO
The next frontier in our understanding of the role of plasminogen receptors and their modulation is likely to be their manipulation in mice. Currently, in vivo regulation of plasminogen receptors in such over-expression or knockout models has yet to be described in detail. However, the groundwork for such studies has been established from studies conducted in plasminogen-deficient mice (69, 70) , which have demonstrated a clear role of plasminogen in cell migration. In particular, the recruitment of leukocytes is diminished in plasminogen-deficient compared to wildtype animals. In the thioglycollate peritonitis model, monocyte/macrophage and lymphocyte recruitment was blunted in the plasminogen-deficient mice, indicating a role for plasminogen in the inflammatory response (71) . In mouse models of transplant atherosclerosis (72) and restenosis (73) , early infiltration of monocyte/macrophages into the vessel wall also was blunted in the plasminogendeficient mice compared to wild-type animals. This decrease in leukocyte migration may have been the reason for reduced neointimal development in the plasminogendeficient mice in these models (73) (74) (75) . In the mouse restenosis model, migration of smooth muscle cells was also significantly reduced in plasminogen deficient mice (73) . Some suggestive evidence that plasminogen receptors per se may be involved in inflammatory cell migration has also been developed. Plasminogen binding was measured by FACS to neutrophils recruited into the peritoneal cavity in response to thioglycollate compared to neutrophils recovered from blood. The amount of plasminogen bound to the migrated cells was 3-fold greater (51) . A preliminary report suggests that inactivation of the gene for annexin II in mice leads to an impairment of fibrinolysis (76) . Finally, in a human study, cell-bound plasminogen could be detected on macrophages recovered from patients undergoing peritoneal dialysis (77) . These data also point to a role of plasminogen receptors in inflammatory disorders in humans.
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